3, 4], and several autoimmune disorders [5], such as Crohn's disease [6] and type I diabetes [7]. Although all University of Maryland Biotechnology Institute 9600 Gudelsky Drive known bacterial SAGs share a conserved three-dimensional fold, their interaction with MHC molecules and Rockville, Maryland 20850 2 Department of Microbiology stimulation of T cells is highly variable, depending, to varying degrees, on the biochemical and structural University of Minnesota Medical School Minneapolis, Minnesota 55455 states of MHC molecules on the cell surface [8], the ability of certain SAGs to coordinate zinc atoms [9, 10], 3 Basel Institute for Immunology Grenzacherstrasse 487 and the sequence and structure of TCR V␤ domains expressed on the T cell surface. CH-4005 Basel Switzerland The complexes formed between SAGs and MHC molecules have been shown to be structurally diverse. The MHC molecule presents two general surfaces for SAG docking, including a low-affinity site (K D Ϸ 10 Ϫ5 M) on Summary the conserved ␣ chain and a high-affinity site (K D Ϸ 10 Ϫ7 M) on the polymorphic ␤ chain. Structural examples of Superantigens (SAGs) crosslink MHC class II and TCR SAGs bound to both MHC binding sites exist. Crystal molecules, resulting in an overstimulation of T cells asstructures of complexes formed by staphylococcal ensociated with human disease. SAGs interact with several terotoxin B (SEB) [11] and toxic shock syndrome toxin-1 different surfaces on MHC molecules, necessitating the (TSST-1) [12] with HLA-DR1 have shown that SAG bindformation of multiple distinct MHC-SAG-TCR ternary ing to the MHC ␣ chain can be accomplished through signaling complexes. Variability in SAG-TCR binding two distinct, yet overlapping, binding sites. This results modes could also contribute to the structural heteroin either no interactions with the bound antigenic peptide, geneity of SAG-dependent signaling complexes. We as in the case of SEB, or partial occlusion of the surface report crystal structures of the streptococcal SAGs of the peptide normally exposed to TCR, as for TSST-1. SpeA and SpeC in complex with their corresponding Two examples of SAGs bound to the high-affinity ␤ chain TCR ␤ chain ligands that reveal distinct TCR binding site of MHC molecules suggest that binding to this side modes. The SpeC-TCR ␤ chain complex structure, of the MHC molecule may be less variable. In these coupled with the recently determined SpeC-HLA-DR2a complexes, streptococcal pyrogenic exotoxin C (SpeC) complex structure, provides a model for a novel T cell in complex with HLA-DR2a [13] and SEH bound to HLAsignaling complex that precludes direct TCR-MHC in-DR1 [14], both SAGs coordinate a zinc ligand and interactions. Thus, highly efficient T cell activation may teract with the antigenic peptide in a similar fashion. be achieved through structurally diverse strategies of Further complicating the structural description of SAG-TCR ligation. MHC interactions is the finding that some SAGs, such as SEA, have been shown biochemically to bind at both Introduction the high-and low-affinity sites [9, 15, 16]. In order to crosslink MHC and TCR molecules, all Superantigens (SAGs) are immunostimulatory and dis-SAGs, regardless of their binding mode with MHC, interease-associated proteins of bacterial or viral origin that act with the V␤ domain of the TCR. SAGs bind their V␤ bind simultaneously to major histocompatibility comligands with relatively low affinity (K D Ϸ 10 Ϫ4 M-10 Ϫ6 M) plex (MHC) class II and T cell receptor (TCR) molecules [2]. TCR specificity is also generally low, as most SAGs on the surfaces of antigen-presenting cells and T lymare specific only to V␤ domains and not to V␤-D␤-J␤ phocytes [1, 2]. Contrary to processed antigenic pepjunctional sequences or V␣ segments, allowing a single tides, SAGs bind to MHC molecules outside of the pep-SAG species to stimulate such disproportionately large numbers of T cells and induce the massive cytokine release associated with SAG-mediated illnesses [2-4, 4 Correspondence: mariuzza@carb.nist.gov 5 Present address: Wadsworth Center, New York State Department 17]. To date, crystal structures involving only a single of Health, P.O. Box 509, Empire State Plaza, Albany, New York TCR ␤ chain (mouse V␤8.2) in complex with several 12201.
show, as for the ␤-SEC3 [18] collection and refinement statistics for both crystal forms are shown in Table 1 . Due to the better diffraction and ␤-SEB [19] complexes, that residues in the cleft between the large and small domains of both SAGs and refinement of the zinc-soaked crystals, all subsequent discussion of the ␤-SpeA complex is limited to make intermolecular contacts with residues from both the CDR loops and FRs of their respective TCR ␤ chain this form. Electron density from a composite annealed omit map in the ␤-SpeA interface is shown in 3A and 3C) . Surprisingly, SpeC was also found to contact residues from the CDR1 and CDR3 tive difference in the TCR ␤ chain surface burial by these three SAGs but also a number of qualitative distinctions. loops. Together, the hV␤2.1 residues buried by SpeC upon complex formation comprise a large and contigu-SpeC contacts portions of the molecular surface of the hV␤2.1 domain that have previously been shown to be ous molecular surface that extends from more than halfway up the side of the V␤ domain to the extreme bottom involved in the interface of other SAG-TCR ␤ chain complexes, including residues from CDR2, HV4, FR2, and of the molecule. While the differences between the pat-terns of V␤ molecular surface buried by SpeA and SEB in the disulfide loop of SpeA, the region of the two SAGs that diverges the most structurally, due primarily to the ( Figures 3B and 3C ) are less extensive than between SpeC and SEB, there are some notable differences in difference in length between this loop in SpeA and SEB (10 and 19 residues, respectively). Glu94 and its counter-their binding modes. SpeA binding to mV␤8.2 results in an extension of the molecular surface buried by SEB to part in SEB, Thr107, however, are positionally equivalent when the V␤ domains of the ␤-SpeA and ␤-SEB com-more apical regions of HV4 as well as to CDR1. There are no significant differences in the structures of the V␤ plexes are superimposed. Because the position and conformation of the mV␤8.2 CDR1 loop is unchanged domain bound by SpeA and SEB, except in the CDR3 loop. This region of the TCR ␤ chain, however, makes between the two complexes, the hydrogen bond, which is formed by SpeA Glu94 and not by SEB Thr107, is contacts neither with SpeA nor SEB. Conversely, the TCR ␤ chain ligand of SpeC is structurally distinct from simply a result of the length of the side chain at this position in the two SAGs, as both glutamic acid and that bound by SpeA and SEB, particularly in its CDRs (see below). The extended conformation of hV␤2.1 threonine residues have terminal oxygen atoms with hydrogen bonding capabilities. The interfaces of SpeA CDR3, which points directly toward the interface, contributes at least partially to its involvement in SpeC bind-and SEB in complex with the CDR2/FR3 region of mV␤8.2 are distinguished primarily by the quantity and ing. Notwithstanding differences in V␤ CDRs, there is a significantly higher degree of envelopment of the hV␤2.1 quality of hydrogen bonds observed. SEB forms numerous van der Waals interactions but only three hydrogen surface by SpeC than by SpeA and SEB of mV␤8.2, likely due to a somewhat deeper and broader cleft between bonds, all between SEB side chain and mV␤8.2 main chain atoms. In the ␤-SpeA complex, there exists a simi-the large and small domains in SpeC compared to those in SpeA and SEB (Figures 1 and 2) . Subsequently, the lar number of van der Waals contacts, and the three hydrogen bonds observed in the ␤-SEB complex are ␤-SpeC interface is characterized by a large number of contacts involving all three mV␤2.1 CDR loops, HV4, retained by analogous residues in the ␤-SpeA complex. 
Thus, SAGs such as SEC3 and SEB that depend only on the backbone conforma-commodated between two interacting cells. Although the MHC-SpeC-TCR ternary complex is slightly ex-tion of one of the relatively invariable CDR loops will not have a high V␤ domain binding specificity. tended compared to the MHC-SEB-TCR complex, this increase in intermembrane length is small compared to
Clearly, the small sample size of available SAG-TCR ␤ complexes has hampered a comprehensive analysis those that have been found to affect the conservation of distance within the immunological synapse to such of these interactions. The structures presented here, including SpeA complexed with the same 14.3.d TCR ␤ an extent that T cell activation is disrupted [31] . chain that has been used previously in SAG-TCR structural studies as well as SpeC complexed with a human Discussion TCR ␤ chain that has never before been characterized structurally, expand the available database of complex Previous crystal structures of SAG-TCR ␤ chain complexes [18, 19] have revealed only a single binding mode structures significantly, demonstrate that there exist multiple binding modes for SAG-TCR interactions, and for these types of interactions. Both SEC3 and SEB bind to mV␤8.2 predominantly through contacts with help to elucidate the structural basis for V␤ specificity by SAGs. residues from CDR2, HV4, and their associated FRs. Furthermore, all of the hydrogen bonds in these com-Relative to other SAGs, SpeC binds TCR ␤ chains in a highly specific manner, primarily activating human plexes involve only main chain atoms of mV␤8.2, and, thus, it has been proposed that their binding mechanism T cells bearing V␤2.1 [33]. While the ␤-stranded core of the hV␤2.1 domain is very similar to that of mV␤8.2, the is one of simple conformational dependence [18, 19]. We define conformationally dependent binding as inter-binding surface of hV␤2.1 presented to SpeC differs significantly from that of the SpeA-and SEB-specific actions that rely predominantly on the protein backbone atomic structure of the V␤ domain, largely independent mV␤8.2 and is unique in relation to the structures of other V␤ domains. Several features of hV␤2.1 contribute of amino acid sequence, and, consequently, of side chain structure. Structural variation in V␤ domains is clearly to its specificity for SpeC. These include two single amino acid insertions, one each in CDR1 and mainly restricted to its three CDR loops extending from a common structural foundation, the framework region. CDR2, and an extended CDR3 loop.
The CDR1 insert (Phe27a) results in a semi-rigid-body Even the first two CDR loops, however, are not excessively variable. A recent analysis of V␤ gene segments movement of this loop away from its position in other V␤ domains and toward the SpeC molecule in the ␤-SpeC and known atomic structures [32] estimates that 90 percent of these gene segments have CDR1 and CDR2
structure. The consequence of this CDR1 rearrangement is an average displacement of hV␤2.1 residues Gln28, loops of any of three known canonical structures each.
Ala29, and Thr30 by 1.7 Å closer to SpeC, relative to
␤-SpeC binding mode, and they may thus form further distinct complexes with TCR. the positions of analogous residues of mV␤8.2 CDR1 in the ␤-SpeA complex. Without such a movement, the While there is some overlap in V␤ binding specificity between SpeA and SEB, namely mV␤8.2 and the homol-numerous hydrogen bonds and van der Waals interactions between SpeC and these three hV␤2.1 residues ogous hV␤12. 2 and hV␤14.1 [38, 39] , SpeA is a much more specific stimulator of T cells than SEB, which also could not be formed.
The CDR2 loop of hV␤2.1 possesses two noteworthy  recognizes mV␤3, 7, 10, 11, and 17 and hV␤3, 5, 12, 13,  14, 15, 17, and 20 [2, 17] . At least part of the reason for structural features. First, it has a single residue insert, relative to other V␤ domains, common only to hV␤2.1 this striking difference in V␤ specificity can be deduced from the ␤-SEB and ␤-SpeA complex structures. In the and hV␤4.1 and their mouse analogs, mV␤15.1 and  mV␤18.1 [34] . Additionally, this CDR2 loop has been former complex, all the hydrogen bonds between SEB and V␤ are formed between SEB side chain atoms and predicted to have a noncanonical conformation [32], a feature that is apparent in Figure 4 , in relation to the V␤ main chain atoms, such that SEB is able to bind a variety of V␤ domains whose corresponding main chain CDR2 loop of mV␤8.2. That the inserted residue in CDR2, Ser52a, appears to be responsible for the most produc-atoms are at positions similar to those in mV␤8.2, largely independent of side chains [19] . In the ␤-SpeA complex, tive interactions in the ␤-SpeC complex is not surprising, considering that SpeC is highly specific for V␤ domains by contrast, the majority of interface hydrogen bonds involve side chain atoms from either, or both, the SAG that share these rare CDR2
features [33]. The recent development of SpeC vaccine toxoids that protected and V␤ molecules, including a greater overall number of hydrogen bonds (Figure 4, middle and right columns). rabbits from streptococcal toxic shock syndrome included mutation of Tyr15 to alanine [35], which presum-Thus, SpeA seems to require some V␤ sequence specificity that restricts its reactivity beyond the simple con-ably abolishes their T cell stimulating capacities, indirectly supporting the energetic importance of the formation dependence required by SEB. The increased number of intermolecular interactions in the ␤-SpeA electrostatic interactions formed between SpeC and Ser52a of hV␤2.1. It is interesting to note that, while complex versus the ␤-SEB complex may also explain the difference in affinity of these two SAGs for the common SpeC interacts with both hV␤2.1 and hV␤4.1, stimulation of human T cells bearing V␤2.1 is 15-fold greater than mV␤8.2 target, with which SpeA forms an approximately 20-fold tighter complex than SEB [24]. Alternatively, the those presenting V␤4.1 domains [33]. The sequence of hV␤4.1 includes the Ser52a-inserted residue in its CDR2
higher affinity of SpeA for mV␤8.2 may derive, at least in part, from its interaction with the CDR1 loop. loop but lacks the hV␤2.1-like insertion in CDR1. Other V␤ domains that have the CDR1 insertion but lack the Interestingly, SpeA also stimulates human T cells bearing V␤2.1 domains [38, 39]. It is unlikely that SpeA one in CDR2, such as hV␤20.1, are not recognized by SpeC. Thus, of these two rare insertions, the CDR2 inser-binds hV␤2.1 in a manner analogous to SpeC, as none of the SpeC residues identified in the interface with this tion may confer SAG binding specificity, while the CDR1 insertion may be responsible for increased affinity.
V␤ are conserved in SpeA. It may be even less likely that SpeA binding to hV␤2.1 involves the same binding The extended conformation of the hV␤2.1 CDR3 loop results in several specific intermolecular contacts with mode observed in its complex with mV␤8.2. First, much of the V␤ domain surface that forms the interface with SpeC ( Figures 3A and 4) . The hV␤2.1 CDR3 residues in contact with SpeC derive from V␤-D␤-J␤ recombination SpeA in mV␤8.2 is dramatically altered in hV␤2.1, largely due to the two amino acid insertions in CDR1 and CDR2 and, thus, are not present in all human V␤ domains. As no structure of this TCR ␤ chain exists in its uncom-discussed above. Second, when recombinant wild-type SpeA and a panel of mutants were tested for the ability plexed form, it is impossible to determine whether this is simply a serendipitous interaction due to the flexibility to stimulate hV␤2.
1-positive T cells [39], there was no correlation between the effect of specific mutations and of the CDR3 loop. Indeed, a model of a complex between SEB and hV␤12.3 [2, 27] shows that CDR3 Leu98, also
the SpeA residues that we have shown here to be involved in binding mV␤8.2. Thus, it is most probable that derived from V␤-D␤-J␤ recombination, would be positioned close enough to SEB to form specific contacts. In the SpeA-hV␤2.1 complex will provide a binding mode distinct from that seen for the SpeA-mV␤8.2 or SpeC-the ␤-SpeA and ␤-SEB complexes, the identical mV␤8.2 CDR3 loop has markedly different conformations (Fig-hV␤2.1 
interactions. Human V␤2.1 is also the exclusive target of TSST-1 [4]. Like SpeA, TSST-1 shares little ures 3B and 3C). Furthermore, flexibility of TCR CDR3 loops is not uncommon and has been proposed to be sequence homology with SpeC, and its as yet undetermined complex with hV␤2.1 may represent still another important in TCR recognition of peptide/MHC complexes [28]. It may be that protein plasticity in the V␤ SAG binding mode to this V␤ domain.
With this more diverse range of SAG-TCR interactions domain is also important in SAG recognition. While the ␤-SpeC complex described here represents the first now characterized on the structural level, we can begin to observe a new paradigm for the selectivity of T cell structural example of CDR3 involvement in SAG binding, V␤ CDR3 residues have been reported to influence T cell activation by SAGs, depending on varying levels of V␤ domain specificity. One group of highly promiscuous reactivity toward other microbial SAGs, namely Mycoplasma arthritidis mitogen (MAM) [36] and mouse ret-T cell activators, including SEB and SEC3, binds TCR ␤ chains in the simple conformation-dependent manner roviral Mtv-9 SAG (vSAG9) [37] . Although this precludes the ␤-SpeA or ␤-SEB binding mode for MAM and vSAG9 described above and interacts with only a single CDR loop, CDR2. Moderately promiscuous T cell activators, interactions with their respective TCR ␤ chain ligands, there also exists no evidence that these SAGs utilize the including SpeA, can be grouped together on the basis of their dependence on numerous specific interactions and stimulate a very large fraction of all T cells, while others are much more restricted in TCR binding and mediated by direct side chain to side chain contacts overlayed onto the conformation dependence of the first T cell activation. Although the number of SAG-TCR complex structures is still quite low, the limited available group and the additional involvement of the CDR1 loop. A third group of highly selective T cell activators, includ-database has allowed the identification of some correlations between the V␤ domain specificity of SAGs and ing SpeC, binds those TCR V␤ domains that have the highest degree of structural dissimilarity, including non-certain structural characteristics of the V␤ domain hypervariable regions that they bind. Currently, the struc-canonical CDR loop conformations and residue insertions as well as usage of all three CDR loops, incorporat-tures of two SAGs, SEB and SpeC, have been determined in complex with both of their respective MHC and ing the highly variable CDR3 loop. TSST-1, which activates only human T cells bearing V␤2.1 domains, TCR binding partners, allowing comparison of structural models of the SEB-and SpeC-dependent MHC-SAG-may be the most extreme example in this third selectivity group. domain. Although four structurally equivalent ␤-SpeC complexes exist in the asymmetric unit, as evidenced by noncrystallographic essentially isomorphous, with cell dimensions a ϭ 71.7 Å , b ϭ 83.7 Å , c ϭ 93.9 Å , and ␤ ϭ 91.7Њ, but diffracted to 2.5 Å resolution. Diffrac-symmetry, crystal packing constraints, and electron density, manual fitting of any portion of the third or fourth TCR ␤ chains did not tion data were processed and scaled using HKL2000/SCALEPACK [41], and data reduction was completed using programs from the improve the overall refinement statistics and were therefore left out of the final model. This also proved to maximize the data to CCP4 suite [42] .
TCR complexes. The MHC-SEB-TCR signaling complex is dependent on low-affinity interactions between SAG-Even though TCR is engaged very differently in TCR-MHC, TCR-SEB/SEC-MHC, and TCR-SpeC-MHC com-MHC and SAG-TCR as well as a direct MHC-TCR interface. This results in overall ternary complex stability that plexes, it is remarkable that the end result-highly efficient T cell activation-is very similar. This strongly implies is similar to those for peptide/MHC-TCR complexes. SpeC abrogates all direct contacts between MHC and that the specific geometry of TCR ligation may be less critical than other factors, such as the affinity and kinet-TCR molecules in the MHC-SpeC-TCR complex, whose stability relies on a high-affinity interaction between ics of the binding reaction, in triggering T cells. Indeed, we have previously shown that the half-life of the TCR-SpeC and MHC and a low-affinity interaction between SpeC and TCR. While SEB and SpeC produce signifi-SEC3-MHC complex ‫8ف(‬ s) [30] falls within the range measured for specific TCR-peptide/MHC complexes cantly different ternary T cell signaling complexes in terms of their molecular architectures, they nevertheless (1-60 s) [40]. In this case, maximum stabilization is achieved through direct TCR-MHC interactions that result in very similar T cell responses. compensate for the weak individual affinities of SEC3
Crystals of SpeC(H35A)-hV␤2.1 were grown at room temperature parameters ratio, as inclusion of the poorly defined ␤ chains pushed this ratio to unacceptable levels. Refinement and model building in hanging drops by mixing 1 l of complex solution (containing an equimolar ratio of SpeC(H35A) and TCR ␤ chain at a total protein was then carried out in a more conventional manner with iterative cycles of positional, torsion angle, and B factor refinement, inter-concentration of 10 mg/ml) with an equal volume of reservoir solution containing 5% PEG 6000, 0.1 M LiCl, and 0.1 M HEPES (pH 7.0). spersed with model rebuilding into A -weighted F o Ϫ F c , 2F o Ϫ F c , and composite annealed omit electron density maps using XtalView Crystals were washed prior to transfer to cryoprotectant solution (mother liquor containing 20% ethylene glycol) and flash cooling in [46] . Only procedures that minimized R free were followed, and the discrepancy between R free and R cryst was kept as small as possible. liquid propane. Diffraction data were collected on an ADSC Quantum-4 CCD detector on beamline F-1 ( ϭ 0.943) at the Cornell Noncrystallographic restraints on the four SpeC molecules were relaxed and eventually eliminated throughout the refinement, con-High Energy Synchrotron Source. The SpeC(H35A)-hV␤2.1 complex crystallized in space group P2 1 with cell dimensions of a ϭ 57.4 Å , comitant with obvious differences in electron density for multiple regions of the four SpeC molecules and a decrease in R free values. b ϭ 146.9 Å , c ϭ 136.0 Å , and ␤ ϭ 98.7Њ and diffracted to a nominal resolution of 3.0 Å . Diffraction data were processed and scaled Due to the relatively low resolution of the structure, no water molecules were built into the model. The region of the crystal involved using DENZO and SCALEPACK [41], and data reduction was completed using programs from the CCP4 suite [42] . Data collection in the interaction between SpeC and the first TCR ␤ chain molecule appears to be the most ordered, as reflected by the lower mean statistics for all of the complex structures are shown in Table 1 . temperature (B) factors (Table 1) 
